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Protein synthesis is a multistep, multifactorial process of mRNA translation, on which cells expend more energy than on any other activity. Cellular division into two daughter cells involves temporary inhibition of protein synthesis. In line with many translational control paradigms, global translation during mitosis is inhibited at the level of 5'cap-dependent initiation. The down regulation of global translation is accompanied by 5'cap-independent translational activation of specific mRNAs whose protein products have a role in the progression of cellular division. Recently, the elongation step was highlighted as a major target of translational control during mitosis, in addition to the initiation step. Stalling of translating ribosomes not only protects mRNAs during mitosis but also allows rapid resumption of active translation immediately upon entry into the G 1 phase of the cell cycle, an added dimension of energy saving. This review focuses on recent information related to translational regulation during cellular division and raises a new challenge regarding mechanism(s) employed by mRNAs whose translation is not sensitive to the elongation block.
Regulation at the Initiation Step
Translation in eukaryotic cells is initiated by one of two currently known mechanisms: a canonical 5'cap-dependent one, and an alternative 5'-cap-independent one mediated by cis-regulatory sequences that function as an internal ribosomal entry site (IRES). The canonical mechanism of 5'-end-dependent initiation requires the binding of an initiation factor, eIF4E, to the 7-methyl guanosine residue that caps the 5' end of all mRNAs. Binding of the small ribosomal subunit with the mRNA is accomplished by association of the ribosome-bound eIF4G with the 5'cap-bound eIF4E. The interaction between eIF4E and eIF4G is regulated by members of the eIF4E-binding proteins (4E-BPs), a family of translational repressor proteins that contain peptide motifs similar to the eIF4E-interacting core of eIF4G. Whereas hypo-phosphorylated 4E-BP binds with high affinity to eIF4E, the hyper-phosphorylation of 4E-BPs prevents this interaction. Hence, a major mechanism controlling global 5'cap-dependent translation is based on management of the phosphorylation status of the 4E-BPs and their ability to compete with eIF4G for the same binding site on eIF4E. 1 Two decades ago it was noticed that during mitosis eIF4E itself is hypo-phosphorylated while its interaction with the mRNA 5'cap structure decreases. 2 The responsible mechanism was elucidated more than a decade later: during mitosis, 4E-BP1 is de-phosphorylated, leading to the displacement of eIF4G from eIF4E, 3 consistent with the consequent inhibition of 5'capped mRNAs recruitment to the 43S preinitiation complex. As eIF4E kinases Mnk1/2 do not bind directly to their substrate but rather are recruited to the initiation complex by binding to eIF4G, 4 an additional outcome of 4E-BP1 hypophosphorylation is the reduced phosphorylation of the displaced eIF4E despite activation of Mnk1 during mitosis. 3 The viability and normal development of Mnk1/2 double knock-out mice 5 support the notion that eIF4E phosphorylation by its physiological kinases is unnecessary for mitosis progression. Hyper-phosphorylation of 4E-BP1 towards the end of mitosis is consistent with its dissociation from eIF4E and the consequent re-stimulation of 5'cap-dependent translation as cells enter G 1 . 6 Similarly, in sea urchins eggs, increased 4E-BP phosphorylation and its consequent decreased interaction with eIF4E is responsible for the dramatic rise in protein synthesis following fertilization that is essential for cell cycle progression and entry into the first mitotic event. 7 Interestingly, 4E-BP is destroyed shortly following fertilization of sea urchin eggs. 8 An additional mechanism controlling translation in early development is cytoplasmic polyadenylation of a specific sub-population of mRNAs that contain a cytoplasmic polyadenylation element (CPE) in their 3'UTR, such as cyclin B1 mRNA. 9 Originally found in Xenopus oocytes, CPE-containing mRNAs are stored in arrested oocytes for later translation during re-entry into the meiotic divisions upon hormonal-induced maturation or after fertilization. 10 It should be noted that oocytes are arrested at the end of prophase I, which resembles G 2 of somatic cells; thus, meiotic divisions are similar in many respects to the mitotic divisions of somatic cells. 11 Maskin, which like 4E-BP is a eIF4E-inhibitory protein, is tethered to the 3' end of the dormant mRNAs through its interaction with CPE-binding protein (CPEB). Maskin-eIF4E interaction excludes eIF4G from the complex and inhibits 43S recruitment. 12 Translational repression is alleviated once CPEB is phosphorylated by aurora, a kinase that is activated upon progesterone stimulation of maturation. The aurora kinase activity oscillates with the cell cycle. Phosphorylated CPEB associates with CPSF (cleavage and polyadenylation specificity factor), which in turn attracts poly(A) polymerase to the 3' end of the mRNA. The newly elongated poly(A) tail associates with poly(A) binding protein, which in turn binds eIF4G and helps it to displace Maskin from eIF4E. The resulting eIF4G-eIF4E association thereby initiates translation. As CPEB binds microtubules, it anchors the translation of CPE-containing mRNAs to the spindles and centrosomes. 13 Maskin is phosphorylated by CDK1, the major mitotic kinase, which influences Maskin-eIF4E interaction and thereby cyclin B1 mRNA translation. 14 Exit from M phase seems to require deadenylation and subsequent translational silencing of cyclin B1 mRNA by Maskin. This mechanism is not confined to Xenopus oocytes, as the CPE in the 3'UTR of cyclin B mRNA confers polyadenylation changes during the cell cycle of somatic mammalian cells synchronized in mitosis. 11 Interestingly, although eIF4E is sequestered during mitosis, an additional mechanism serves to ensure inhibition at the initiation step. This mechanism, which is frequently used under stress conditions, targets the availability of eIF2-GTP-tRNA i Met ternary complex (TC). The TC normally delivers the initiator tRNA i
Met to the small ribosomal subunit. Upon successful AUG codon recognition and subsequent GTP hydrolysis, eIF2-GDP is released and recycled back to eIF2-GTP by its guanine exchange factor, eIF2B. Phosphorylation of the alpha subunit of eIF2 converts it from a substrate to an inhibitor of eIF2B. Lack of eIF2B activity leads to decreased levels of TC and consequent inhibition of global translation. Increased eIF2α phosphorylation was found in osteosarcoma cells at the G 2 -M boundary in correlation with de-glycosylation and consequent inactivation of p67, a cellular protein that protects eIF2α from phosphorylation. 15 
The Switch from 5'Cap-Dependent to IRES-Mediated Initiation
Due to the important role of certain critical regulatory proteins during G 2 /M, their mRNAs remain actively translated during mitosis, when global 5'cap-dependent protein synthesis is inhibited. Such resistant mRNAs are translated 5'cap-independently due to their functional IRES elements. 16 5'cap-dependent ribosomal recruitment strongly depends on eIF4E and eIF4B. eIF4E binds to the 5'cap structure and eIF4B facilitates the activity of eIF4A, the ATP-dependent helicase that promotes ribosomal scanning through complex structures within 5'UTRs. 17 It is the sequestration of both eIF4E (by mTOR-mediated activation of eIF4E-BP, see below) and eIF4B (by 14-3-3σ binding, see below) during mitosis that leads to the switch from 5'cap-dependent to IRES-mediated initiation. Phosphorylation of eIF2α may also contribute to the translational switch, as numerous IRES elements are resistant to decreased ternary complex levels. 18, 19 Only some of the mitotic IRES-containing mRNAs are known. Consistent with the role of p58 PITSLRE kinase (isoform of mitotic cyclin-dependent p34 cdc2 -related kinase) in spindle formation, 20 it is actively synthesized via activation of its IRES during mitosis. 21 The IRES of p58 PITSLRE mRNA is positively regulated during mitosis by direct binding of Unr protein (upstream of N-Ras) to the mRNA sequence. 18 Consistent with its biological activity as mitotic IREStrans acting factor (ITAF), the translation of Unr mRNA itself is driven by an IRES 22 that is induced during the G 2 /M boundary. 23 The increased Unr IRES activity results in part from enhanced binding of stimulatory hnRNP C1/C2 proteins upon nuclear envelope breakdown at the onset of mitosis. 23 The c-myc protooncogene, a transcriptional activator of critical target genes that plays a role in cell cycle regulation, is also a product of IRES-driven translation. The c-myc IRES activity is induced during mitosis, 24 when hnRNP-C1 protein is accessible for binding and enhancement of its activity. 25 The mRNA encoding ODC (ornithine decarboxylase), the rate-limiting enzyme in the biosynthesis of polyamines, is another example of a G 2 /M preferentially active IRES-containing mRNA. 24 Active translation of ODC mRNA during mitosis ensures elevated levels of polyamines for mitotic spindle formation and chromatin condensation.
Regulation at the Elongation Step
When translation efficiency is limited by the rate of initiation, a block in initiation is expected to lead to ribosomes "run-off " and eventually to polysomes disassembly. However, polysomal profiles indicated that in human HeLa cells synchronized under conditions that do not affect cytoskeletal functions, the mitotic polysomes are stable. The similar size of polysomes before and during mitosis indicates that both initiation and post-initiation stages must have been defective during cellular division. Elongation brake was further evidenced by a slower ribosome transit time in mitotic cells, and by the resistance of mitotic polysomes to Puromycin-enforced disassembly. 26 Since polysomal collapse upon block of initiation leads to the formation of stress granules (SG), 27 the immunity of mitotic cells to SG formation, even when treated with pharmacological agents that inhibit initiation, provides additional evidence of ribosomal stalling. 26 Arrest of elongation guarantees that polysomes are retained and mRNAs are protected, even if initiation is simultaneously inhibited. Elongational arrest also allows translation to be more rapidly resumed upon its release.
The process of peptide-chain elongation requires two factors: eEF1 to recruit the amino acyl-tRNAs to the A-site of the ribosome, and eEF2 to mediate the translocation of the ribosome to the next codon. eEF1 is composed of the GTP-binding subunit eEF1A, and its guanine nucleotide exchange factor (GEF) eEF1B, which consists of several subunits depending on the species. Metazoan eEF1B complex contains at least four subunits: one structural, two exchange factors, and valine-tRNA synthetase. 28 The exchange subunits were termed α,β in plants and α,δ in animals, and the structural subunit was termed γ. 29 The two exchange factor subunits are physiological targets of the major mitotic kinase CDK1/cyclinB during the resumption of meiosis in maturating Xenopus oocytes, [30] [31] [32] [33] and during early development of sea urchin. 34, 35 In the sea urchin embryo the translation elongation rate decreases in synchrony with CDK1 activation 34 and in correlation with changes in eEF1B localization. eEF1B shifts to the nuclear envelope just before nuclear membrane breakdown, and subsequently forms two large diffuse spheres around the mitotic spindle poles 36 suggesting that its structure and localization are regulated by CDK1 phosphorylation in order to guarantee efficient protein synthesis of specific mRNAs at the appropriate place during mitosis. The CDK1 phosphorylation motifs harbored by eEF1B are conserved throughout evolution. 29 eEF2 was also implicated in controlling translation elongation rate during mitosis. Phosphorylation of eEF2 on Thr57 by its sole kinase, eEF2K, dissociates it from ribosomes and thus inhibits its activity, as shown by direct measurements of dissociation constants using purified ribosomal complexes. 37 Increased rate of eEF2 phosphorylation was detected during mitosis in correlation with decreased rate of protein synthesis 38 and decreased association of eEF2 with heavy polysomes. 26 eEF2K itself is regulated by phosphorylation, 39 which operates according to various signals, many of which are involved in cell cycle management. 40, 41 
How is Translational Arrest Triggered During Mitosis?
Several pathways were implicated in controlling protein synthesis during mitosis. The evolutionarily conserved checkpoint protein kinase, TOR (target of rapamycin), is a key regulator of cell growth and proliferation via regulating biogenesis of ribosomes and mRNA translation. Mammalian TOR (mTOR) mediates the phosphorylation of 4E-BPs, eIF4G1, eIF4B and eEF2, and directly phosphorylates S6K1/2. eIF4B is a direct target of S6K1. mTOR is also thought to phosphorylate and inactivate the phosphatase of 4E-BP1 and S6K1. Growth factors, nutrients and hormones activate mTOR, whereas low nutrients or energy levels and environmental stress down regulate mTOR signaling. 42 The 5'AMP-activated protein kinase (AMPK) links energy status with mTOR activity. Upon AMPK activation by low intracellular ATP level, mTOR activity decreases. 43 It is currently thought that AMPK mediates the polarity-and mitosis-controlling functions of LKB1, its upstream activator. 44 Thus, AMPK-mediated inactivation of mTOR leads to down regulation of cap-dependent translation during mitosis. In addition, active AMPK affects the activity of eEF2K, thereby contributing to down regulation of elongation, 45, 46 which is also indirectly affected by ERK1/2 signaling. 47 An additional distinct mechanism that down regulates protein synthesis during mitosis is operated by a member of the 14-3-3 protein family-a family known to work at several key points in G 1 /S and G 2 /M transition by binding to cell cycle regulatory proteins and modulating their function. 48 It was recently demonstrated that 14-3-3σ inhibits 5'cap-dependent translation during mitosis by binding to eIF4B, thus facilitating the ATP-dependent helicase activity of eIF4A required for ribosomal scanning from the 5'cap towards the AUG codon. Cells lacking 14-3-3σ neither suppressed cap-dependent translation nor stimulated cap-independent translation during mitosis. 49 This defective translational switch resulted in reduced mitotic-specific expression of the IRES-dependent p58 PITSLRE kinase and most probably of other IRES-dependent mRNAs, leading to impaired cytokinesis. The aberrant mitotic phenotype of 14-3-3σ -depleted cells could be rescued by forced expression of p58 PITSLRE kinase, or by using rapamycin, which inhibits 5'cap-dependent translation and thereby leads to increased 5'cap-independent translation. Transient overexpression of exogenous Flag-tagged eIF4B was able to overcome the ability of endogenous 14-3-3σ to suppress translation during mitosis. 49 
Summary and Perspectives
Although nearly four decades have passed since the observation that protein synthesis is inhibited during mitosis, 50 the underlying mechanism is not entirely understood. Whether the inhibition of global protein synthesis during mitosis is the consequence or the cause of cell cycle progression remains unclear. Recent genome-wide functional analysis studies suggest that knock-down of translation initiation factors does not significantly affect cellular division. 51, 52 Conversely, the 14-3-3σ-mediated translational shift was shown to be essential for successful cytokinesis. 49 However, since cells stably expressing 14-3-3σ siRNA were viable and only a small fraction of them had impaired cytokinesis, the question remains open. eEF1 post-translational modifications and their role in controlling translation elongation during mitosis in mammalian systems remain to be characterized. The translational switch from 5'cap-dependent to IRES-mediated initiation raises a new question: how do specific mRNAs remain efficiently translated under conditions of global inhibition? IRES-mediated translation initiation provides only a partial explanation since these mRNAs must also employ a yet unknown mechanism to overcome the elongation block. It was suggested that eEF1B binding to mRNA, possibly regulated by CDK1 activity, could promote the translation of a specific set of mRNAs. 29 The physiological implications of CDK1 phosphorylation were partially addressed by examining elongation rates of synthetic mRNA in a cell-free translation system using phosphorylated eEF1B, which decreased the synthesis of poly-Valine while markedly enhancing the translation of poly-Serine and poly-Phenylalanine. 35 Another highly speculative possibility is that modifications of ribosomes regulate their activity and/or mRNA specificity. Support for this idea comes from cells carrying defective pseudouridine synthase, the enzyme that converts uridine to pseudouridine in rRNA. An unbiased proteomics strategy showed that these cells are unable to direct translation of IRES-containing mRNAs. 53 Rigorous experimentation will be required to test the relevance of modifications of sub-populations of ribosomes to translational control during mitosis. Future studies will have to identify all the mechanisms involved in the arrest of global translation elongation, their possible link to arrest at the initiation level, and how they are coupled with other cellular processes that allow ongoing translation of specific sub-class of mRNAs. Such studies will provide a more thorough understanding of translation regulation in general, and reveal the extent to which translational regulation is obligatory for the actual process of cellular division into two daughter cells. 
